Abstract. Donor organ rejection remains a significant problem. The present study aimed to assess whether transferring a donor's major histocompatibility complex (MHC) genes to the recipient could mitigate rejection in organ transplantation. Seven loci of MHC genes from donor mice were amplified and ligated into vectors; the vectors either contained one K locus, seven loci or were empty (control). The vectors were subsequently injected into the thymus of recipients (in heterotransplants, recipient rats received the vector containing one K locus), following which donor mouse hearts were transplanted. Following the transplantation of allograft and heterograft, electrocardiosignals were viable for a significantly longer duration in recipient mice and rats receiving the donor histocompatibility-2 complex (H-2)
Introduction
Donor organ rejection remains a significant problem for patients receiving transplants (1, 2) . Pharmacological suppression of immune responses can suppress the rejection process, but the resultant nonspecific suppression of immune responses can lead to a variety of problems, including tumor and infection (3, 4) . To improve graft survival rates and eliminate the requirement for immunosuppression, donor-specific transplant tolerance must be achieved (5, 6) . Therefore, a treatment protocol in which the organ recipient is induced to recognize the donor tissue as 'self' would be highly desirable.
The major histocompatibility complex (MHC) is the principal system responsible for recognizing transplanted allogeneic or heterogeneous tissues by the immune system (7, 8) . The MHC is composed of a series of genes and produces two classes of cell surface glycoproteins and specific serum proteins (MHC class I, II and III molecules) (9, 10) . Since a discrepancy between the donor's MHC antigen and that of the recipient leads to rejection (10) , improving MHC compatibility is desirable (11) . It was hypothesized that if the donor's MHC genes could be introduced into and expressed by the recipient, tolerance may be induced.
T cells serve a key role in the immune system and in transplantation rejection. Following the development of the cells in the bone marrow, T cells undergo positive and negative selection, interact with MHC antigen in the thymus, then differentiate and mature (12) (13) (14) . Through the process of negative selection, T cells that react with self-MHC antigen are removed by apoptosis (15) . It was therefore surmised that if the donor's MHC were transferred into a recipient's thymus, apoptosis would also be induced in T cells that react to the expressed donor MHC antigen.
Transfer of multiple loci of donor's genes to induce recipient tolerance in organ transplantation
In mice, MHC is also termed mouse histocompatibility-2 complex(H-2). This gene complex includes K, D, L, I and S loci. The K, D and L loci code for the MHC class I antigen, which is expressed on the surface of various types of cells and causes strong rejection following transplantation. The I region, which includes Aα, Aβ, Eα and Eβ loci, codes for the MHC class II antigen, which is expressed on the surface of immune cells (12) . The S locus is MHC class III gene that codes for specific serum proteins (12) . The K locus is the most important of the three MHC class I loci and antigens of this class are present on the surface of nearly all cells in the mouse (16) . For these reasons, a previous study by our group demonstrated that the rejection of transplanted hearts was mitigated and the survival time of transplanted hearts were prolonged following the transfer of a mouse donor's K locus into a mouse recipient's thymus (17) . However, since the K locus is only a part of the MHC gene complex, the present study aimed to investigate whether transferring all of a donor's loci of the MHC I and II genes into a recipient would be more effective in mitigating rejection and improving graft survival time. In addition, to examine heterograft effects, mouse donor K loci were also transferred into rats.
Materials and methods
Animals. Experiments were performed using a total of 45 6-to 8-week-old male and female mice (weight 20-25 g) and a total of 20 8-to 10-week-old male and female rats (weight, 200-300 g). The animals (Charles River Laboratories, Beijing, China) were fed in the animal lab of Capital Medical University and maintained at 20-26˚C with a level 7 air cleanliness, a 12 h light/dark cycle and daily access to food and water. Balb/c mice (the haploid was H-2 d ) were used as donors, and C57BL/6 mice (H-2 b ) and Sprague Dawley rats were used as recipients. All experiments were approved by the Capital Medical University Institutional Animal Care and Use Committee (Beijing, China).
Materials. AMV reverse transcriptase and pCI-neo vector were purchased from Promega Corporation (Madison, WI, USA). Mouse anti-H-2 d -K (cat. no. BE0104; clone HB159) and anti-H-2 d -D (cat. no. BE0180; clone 34-1-2S) antibodies were purchased from Bio X Cell (West Lebanon, NH, USA). The MTT kit was purchased from Fitzgerald Industries International (North Acton, MA, USA). The primers were obtained from Invitrogen (Thermo Fisher Scientific, Inc., Waltham, USA).
Preparation of donor H-2
d gene. Total RNA was extracted from the donors' livers using an RNAprep pure kit (for Tissue) (DP431) (Tiangen Biotech Co., Ltd., Beijing, China) and then reverse transcribed to obtain cDNA using AMV reverse transcriptase (RT) and an AMV reverse transcriptase buffer (10 mM dNTP mixture); the two experiments were performed according to the manufacturer's protocol at 42˚C for 60 min. The donor H-2 d gene was amplified by nested polymerase chain reaction (PCR). For the first PCR step, the primers were designed according to the 5' and 3' untranslated region in mRNA of every locus. cDNA served as the templates. The PCR protocol included pre-degeneration for 3 min at 94˚C, followed by 30 cycles of degeneration at 94˚C for 30 sec, annealing at 55˚C for 30 sec, and elongation at 72˚C for 2 min. As an internal reference, mouse β-actin mRNA was amplified using primers 5'-CCC CAT TGA ACA TGG CAT TG-3' and 5'-ACG ACC AGA GGC ATA CAG G-3'. The reaction was run using Taq Platinum PCR MasterMix or pfu MasterMix (Tiangen Biotech Co., Ltd.).
The second PCR analysis was performed using the product of the first PCR as the template. The primers were designed according to the 5' and 3' end of the coding sequence in mRNA of every locus. The primers are indicated in Table I . The PCR protocol was identical to that used in the first step. The product of the second PCR step was retrieved by electrophoresis on a 1% agarose gel (visualized by 0.5 µg/ml ethidium bromide) and verified by sequence analysis using NextGENe 2.3 (SoftGenetics, LLC, State College, PA, USA).
Construction of the expression vector.
The retrieved H-2 DNA fragments of each locus, K, D, L, Aα, Aβ, Eα and Eβ were cloned into the pBS-T vector (50 ng/µl; Tiangen Biotech Co., Ltd.). Escherichia coli (E. coli) TOP-10 cells (Tiangen Biotech Co., Ltd.) were transformed using recombinant DNA and vector. The competent TOP-10 cells were combined with recombinant DNA and the vector on ice for 20 min, heated to 42˚C for 90 sec, put on ice again for 3 min, added to the Luria-Bertani (LB) medium (Tiangen Biotech Co., Ltd.) and agitated for 1 h at 37˚C. Blue-white screening (with Ampicillin, 100 mg/l in LB medium) and PCR (by the same protocol as the second PCR above) were performed to select clones. Selected colonies were then cultivated until the cells were harvested and the plasmid was extracted. Following this, recombinant DNA digested with endonucleases Xho1 and EcoR1, and ligated into pCI-neo (all Promega Corporation),
d . All the aforementioned recombinant DNA were cloned into E. coli TOP-10 cells as above.
Thymus injection and heart transplantation. A total of 45 recipient mice were randomly divided into three groups (n=15/ group) and received plasmid injections with pCI-neo-H-2K d , seven vectors with all seven loci of the H-2 d gene or an empty vector, which was used as a control. A total of 20 recipient rats were randomly divided (n=10/group) to receive either pCI-neo-H-2K d or empty vector, which was used as a control. The mouse and rat recipients were first anesthetized using 5% chloral hydrate (Tiangen Biotech Co., Ltd.) at 350 mg/ kg. The mice and rats stopped moving following the administration of anesthesia, but their eyes were usually opened. Palpebral reflex, toe pinch reflex and corneal reflex tests were performed to monitor the depth of anesthesia. Using an ultrasound for guidance, the thymi of the animals were punctured ( Heart transplantations were performed immediately following the injections using the ear-back heart transplantation model (18, 19 ). The donor hearts were then excised and placed into the back of each recipient's right ear ( Fig. 1E-H ).
Electrocardiography and histology. All recipients had electrocardiographs (ECGs) every 2 days after transplantation until the ECG signal disappeared. When the ECG signal disappeared the recipient mice and rats were sacrificed. The transplanted hearts were removed, cut into slices and fixed in 10% formalin for 24 h at room temperature. Standard histological techniques were followed and the paraffin embedded samples were cut into 4-µm-thick sections. Following dewaxing the sections were stained using a standard hematoxylin and eosin staining method (hematoxylin for 3 min and eosin for 2-3 min at room temperature) and observed using a light microscope at magnification, x100, x200 and x400. Survival time of the transplanted heart was calculated as the mean number of days between the day of transplantation and the day when the ECG signal disappeared. The absence of an electrocardiosignal on days 2 and 4 indicated failure of transplant surgery, and the animal would be excluded from the group.
Transferred gene expression tests and mixed lymphocyte culture (MLC) tests.
Following the disappearance of the electrocardiosignal, the thymi of all recipients were removed and ground with a rubber stick to disperse the cells. The dispersed cells (5x10 6 -1x10 7 /ml) were blocked with 1% bovine serum albumin (Sigma-Aldrich; Merck KGaA) at 37˚C for 4 h, incubated with primary anti-H-2-K and anti-H-2-D antibodies (as above; 1:100 dilution) and normal rabbit serum (Sigma-Aldrich; Merck KGaA) at 4˚C for 30 min. The cells were then washed with PBS and incubated with fluorescein isothiocyanate-conjugated secondary goat-anti-mouse antibodies (cat. no. 115-005-003; 1:200 dilution; Jackson ImmunoResearch, West Grove, PA, USA) at 4˚C for 30 min and then subjected to flow cytometry using a flow cytometer with FlowJo 7.6.1 software (FlowJo LLC.; BD Biosciences, Franklin Lakes, NJ, USA).
Reverse transcription-PCR analyses were performed in the three mouse recipient groups as previously performed in the second PCR step. The CDS primers used in the second PCR step of the gene preparation phase (Table I) were also used to examine the expression of the seven transferred loci in recipients.
The histocompatibility between donors and recipients was assessed using an MLC kit (Tiangen Biotech Co., Ltd.). The spleens of the recipients and the donors were removed and ground with a rubber stick to disperse the cells. They were subsequently cultured in RPMI 1640 medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum (both Gibco; Thermo Fisher Scientific, Inc.) in 5% CO 2 at 37˚C. Spleen cells collected from the control, 1-vector and 7-vector Table I . Primers sequences used in polymerase chain reaction analysis. mice, and the control and 1-vector rats were mixed with the spleen cells from the donors' strain or the spleen cells from a third strain from mice at the UK Institute of Cancer Research (London, UK; ICR) respectively, and cultured in RPMI 1640 medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum in 5% CO 2 at 37˚C for 24 h. Cell density was then measured using the MTT method. The purple formazan crystals were dissolved by dimethyl sulfoxide at a wavelength of 570 nm.
Primers of UTR (
Statistical analysis. Statistical analysis was performed with SPSS 21.0 (IBM Corp., Armonk, NY, USA). A minimum of three repeats were performed for each experiment. The data are presented as the mean ± standard deviation. Differences between multiple groups were analyzed using one-way analysis of variance followed by the Newman-Keuls test. Differences between two groups were analyzed using the paired-samples t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

Donor's seven loci of the H-2
d genes were obtained. Electrophoresis was performed following the first PCR step of nested PCR and revealed a β-actin (internal reference) band, indicating successful extraction of total RNA and reverse transcription ( Fig. 2A) . However, as expected, no product band was detectable. Electrophoresis following the second PCR step yielded bands that sequence analysis confirmed were the seven loci (in accordance with the GenBank accession nos. NW001030614.1, M18523, M33151, AY452201, AY452202, K00971 and NT039662. (Fig. 2D and E) . The nested PCR protocol required two PCR steps; due to this the likelihood of base mismatches was greater than in simpler protocols. Upon digestion of pBS-T-H-2 d s and ligation of the seven loci of H-2 d genes into pCI-neo to generate pCI-H-2 d s, sequence analysis revealed that the plasmid in every colony had identical apparent mismatches. Clones containing base mismatches that had no effect on the amino acid sequence were selected to transfer donor vectors into the recipient thymi.
Prolonged ECG signals were indicated in transgene recipients following heart transplantation. One mouse in the control group succumbed to fatality during the thymus injection and 1 mouse in the 1-vector group succumbed during the heart transplantation. A total of 5 mice succumbed on 1 or 2 days after transplantation (3 in the control group, 1 in the 1-vector group and 1 in the 7-vector group). No rats succumbed to fatality during the injection or following 
Expression of donor H-2 d genes in recipient thymi.
Following the disappearance of the ECG signal, the thymi of the recipients were removed and subjected to flow cytometry and PCR analysis. In the 1-vector mice, the positive ratio of H-2K d was 36.83±8.96% and H-2D d was negative (Fig. 4A and B) . In the 7-vector mice, the positive ratio of H-2K d was 43.61±6.35% and that of H-2D d was 50.08±7.21% ( Fig. 4C and D) . In 1-vector rats, the positive ratio of H-2K d was 60.69±1.06% (Fig. 4E) (Fig. 4F ) and seven loci of the H-2 d genes in 7-vector mice (Fig. 4G) . There was no H-2 d band in control mice (data not shown). Mouse β-actin mRNA bands appeared in the three mouse groups. Taken together, the flow cytometry and PCR results indicate that the H-2 d genes were transferred into and expressed in the mouse and rat recipients' thymus stromal cells. Histological analysis demonstrated that the transgene recipients were healthy. Histological analysis of sections of transplanted hearts revealed that the skin around the heart was clearly edematous in control mice and rats; edema was reduced in the experimental groups (Fig. 5) . Control hearts demonstrated marked lymphocyte infiltration, disruption of the characteristic intracellular structure of the cardiomyocytes and cell necrosis (Fig. 5A and D) . By contrast, experimental hearts in the two species demonstrated minor lymphocyte infiltration and the intracellular structure of the cardiomyocytes was retained (Fig. 5B, C and E) . These characteristics differed little between the 1-vector mice and the 7-vector mice. These results indicate that the rejection was reduced in the transgene recipients compared with the control recipients in mice and rats.
High histocompatibility in transgene recipients. The results of MLC tests are summarized in Table II . Mixtures of spleen cells from donor mice, recipient mice and recipient rats were cultured and assessed. The cell density was significantly greater among cells in the control groups compared with the experimental groups (P<0.01; Table II) , indicating greater histocompatibility in the latter. Cell density was significantly greater in 1-vector mice compared with 7-vector mice (P<0.05), indicating higher histocompatibility in the latter. The density in the cells from the control and experimental groups did not significantly differ when they were separately mixed with cells from a third strain (ICR). As expected, cell densities were significantly higher when the recipient cells from the experimental groups were mixed with ICR cells (all P<0.01) compared with when they were mixed with donor cells. These results indicate that the histocompatibility with donor cells is higher in transgene recipients compared with control recipients.
Discussion
In the present study, to determine whether a donor's MHC could be introduced into and expressed in a recipient's thymus, tolerance to transplantation was assessed. It was assumed that transferring all seven loci of donor's MHC I and II genes would be more effective than transferring only the K locus. The results of the present study demonstrated that transplanted hearts survived significantly longer in mice in which seven loci were transferred compared with that in mice in which only the K locus was transferred (23.59±6.70 vs. 16.67±6.6 days; P<0.05).
In addition, transplanted hearts in the two experimental mouse groups survived significantly longer compared with those in control mice (9.11±2.75 days; both P<0.01). Furthermore, the heterograft transplantation effect was observed by transferring the K locus of the H-2 d genes from donor mice into recipient rats and by transplanting mice hearts into rats. Once again, the transplanted hearts survived longer in the experimental group compared with the control rats (P<0.01). This result suggests that transferring a donor's MHC gene into a recipient may also be effective in heterografts. Although prior introduction of a donor's MHC antigen, cells or tissue into the recipient has been revealed to delay allograft rejection (20) (21) (22) (23) , the finding that intravenous administration of a donor's MHC antigen to a recipient does not suppress rejection (24) suggests the allograft may ultimately be rejected. Consistent with that theory, when Gopinathan et al (25) intravenously injected dendritic cells from a donor rat into a recipient, the cells did not home into the lymph nodes, bone marrow or thymus, and so would not be expected to have a meaningful impact on rejection. Additionally, Hillebrands et al (26) revealed that introduction of donor splenic cells into a recipient thymus prior to transplantation prolonged survival time somewhat; however, they noted that chronic rejection could not be suppressed. Similarly, Kobayashi et al (27) reported that injecting donor cells into a recipient's thymus did not induce tolerance. Trani et al (28) suggested that T cell clonal frequency reduction and transplantation tolerance induced by intrathymic alloantigen inoculation was incomplete and transient.
Certain studies have demonstrated that transfecting a donor's MHC into cells from a recipient and then returning the transfectants to the recipient did mitigate rejection (29, 30) . This approach was used in a previous study by our group. One locus of a donor's MHC genes was introduced into the recipient thymus stromal cell in vitro and these transfected cells were subsequently injected back into the thymus of the recipient prior to transplantation. The results revealed that the survival time of transplanted hearts prolonged (17) . However, a limitation of this approach would be that it may take a prolonged period of time to select cell clones that express the loci of donor MHC. On the other hand, several studies have reported the beneficial effects of introducing a plasmid harboring one locus of a donor's MHC into a recipient (29, 31, 32) . Therefore, the plasmids of seven loci were introduced to the recipients thymi directly in the present study.
The function of the thymus in immunity and following transplantation has been well studied (33) (34) (35) (36) (37) , although the findings are somewhat conflicting. When thymus tissue from a donor was embedded in a renal vesicle to form a composite thymokidney, which was then transplanted into the recipient, rejection was mitigated (36, 37) . The results from Viret et al (38) are most consistent with a model where, in addition to the thymocyte/stromal cell interaction avidity, negative selection is largely determined by accessibility to self-determinants, regardless of their anatomical distribution in the thymus. The involvement of multiple stromal cell types in negative selection may assist in minimizing the chances of autoreactive T cell escape. In that context, the plasmids of seven loci of donor H-2 d genes were introduced into the recipient's thymus to induce the deletion of T cells that could react with the donor's H-2 antigen during negative selection.
Typically a 2 µg sample of total RNA is used to amplify a given target gene, but as levels of H-2 mRNA of these seven loci were very low, amplification required a larger amount of total RNA (39) or the amount produced would be insufficient. This obstacle was overcome by using two-step nested PCR as amplifying the RNA twice produced an increased total amount. The results demonstrated that the amount produced by the first PCR were too small to visualize the electrophoresis bands. However the amount productions by the second PCR was sufficient and the electrophoresis bands were observed clearly.
In the present study, plasmids containing the donor's MHC were injected into the recipient's thymus. By visualizing the procedure using ultrasound, the depth and position of the injection site was precisely determined. The wounds were not serious; the mortality rate was 0% in rats and 2.2% in mice. Although thymus injection under ultrasound guidance in animal experiments has not, to the best of our knowledge, been previously reported, the experiences during the current study suggests it is effective and useful.
In previous studies, transplantation was performed ~1-2 weeks after a donor gene, antigen or donor cells were introduced into the recipient (40) (41) (42) . The aim of the present study was to develop a more clinically relevant technique by introducing the donor gene and transplanting the donor hearts on the same day. In the present study, negative selection, which is a process by which T cells that react with self-MHC antigen are removed through apoptosis, did not happen immediately and it was hypothesized that this may explain the shorter survival time of transplanted organs in the current study compared with other reports (40) (41) (42) . However, the results of the present study were positive overall, suggesting that the negative selection did work. The positive results suggest that introducing the donor's MHC into the recipient's thymus may be beneficial, as no immunosuppressants were used in these experiments but the rejection was mitigated. The MLC tests performed in the present study demonstrated that the recipient's cells had less reaction with the donor's cells in experimental groups compared with that in control groups. These results suggested a better compatibility between the recipient and donor tissue and less rejection in the experimental groups.
Overall, the findings suggested that the expression of the donor gene and the resultant negative selection of T cells was sufficient. That is, transfer of the donor MHC (H-2) to the recipient enabled the recipient, at some level, to recognize the donor's tissue as self, thereby mitigating rejection.
In conclusion, the long existence of the electrocardiosignal in the experimental groups, histological analysis and other results of the present study suggest that rejection of transplanted hearts may be mitigated substantially by introducing the donor's MHC into the recipient, however further studies are warranted.
